ABSTRACT: Ecosystem-based fishery management requires operating models that are capable of evaluating the effects of a triad of drivers (exploitation, ecological interactions, and the physical environment) on fish populations. We present a simple operating model, AGG-PROD, that takes into account these drivers. AGG-PROD aggregates species into functional groups and applies exploitation rates to these groups, while accounting for the interactions between these groups and the environment. We loosely modeled the Northeast US Large Marine Ecosystem fish community, exploring a range of harvest, ecological interactions (competition and predation), and climate effects scenarios. We examined the independent effects of each of the triad of drivers at their base levels on the 3 main functional groups. We then explored the effects of targeted harvest on specific functional groups as well as different levels of total system harvest, both with and without climate effects. Our results indicate that the triad of drivers can lead to unanticipated, indirect effects on groups of species, and that all 3 should be taken into account by an operating model in a Management Strategy Evaluation context. Harvest tends to affect groups with a slower overall growth rate the most, while groups affected by strong ecological interactions often exhibit strong competitive or predatory release when other groups are reduced in biomass. Climate effects reduce primarily the biomass of groundfishes in our model, indicating the need for more conservative exploitation under future climate projections.
INTRODUCTION
Ecosystem-based fisheries management (EBFM) has called for broader consideration of the factors which impact on the dynamics of living marine resources (LMR) (NMFS 1999 , Link 2002a ,b, 2010 , Pikitch et al. 2004 . One of the common themes in these calls for EBFM is the need to consider a triad of drivers (see Fig. 1 in Link et al. 2012 , this Theme Section) that influence fish populations: (1) fisheries exploitation, (2) physico-chemical factors (especially climate), and (3) ecological interactions among species (Link et al. 2010a ). Fisheries exploitation is long understood to have direct effects on marine ecosystems through direct removals of exploited stocks (Pauly & Christensen 1995 , Worm et al. 2009 ), and inducing indirect effects on other species in the ecosystem via predatory (Sissenwine 1984 , Bax 1991 , 1998 , Christensen 1996 , Link 2002a or competitive release (Link 2002a) . Overfishing also leads to ecosystem level effects such as eutrophication, outbreaks of disease in the trophic levels beneath the overfished species, and species introductions (Jackson et al. 2001) . Ecological interactions and related trophodynamic processes, such as predation or competition as referred to above, are also recognized as potentially dominant drivers (Frank et al. 2005 , Daskalov et al. 2007 , Tyrrell et al. 2011 . Physico-chemical drivers are important in that fisheries production is linked to primary production (Ware & Thomson 2005 , Chassot et al. 2010 , early life history survivorship is at least partially, if not mainly, dictated by biophysical conditions (Beaugrand et al. 2003 , Platt et al. 2003 , and climate change can affect marine populations (Anderson & Piatt 1999 , Chavez et al. 2003 , Nye et al. 2009 ). While each of these drivers can have important effects on an ecosystem, they are not routinely considered simultaneously (cf. Lucey & Nye 2010 , Fulton et al. 2011 . Thus there is a need for models that can explicitly explore the effects of this triad of drivers on an ecosystem simultaneously.
Another key element of EBFM is to determine the maximum sustainable yield (MSY) in an ecosystem (Link 2010) . Doing so is important, as each ecosystem has known limitations to productivity (Pauly & Christensen 1995) , with the amount of fish harvested ultimately limited by primary production (Ryther 1969 , Ware & Thomson 2005 . There are methods of estimating MSY for an ecosystem. These methods effectively account for a broader set of consideration (e.g. species interactions, climate) than methods for calculating single species MSY, and thus can give quite different results than a simple summation of all species production for a given ecosystem (Au 1973 , May 1975 , Pope 1975 , 1979 , Brown et al. 1976 , Fukuda 1976 , May et al. 1979 , Walters et al. 2005 , NEFSC 2008 , Tyrrell et al. 2011 .
The combination of, and interactions between, these drivers suggests the need to utilize a Management Strategy Evaluation (MSE; Smith et al. 1999 , Sainsbury et al. 2000 . MSEs have a core operating model capable of evaluating this triad of drivers under a variety of scenarios. Executing such an MSE should take the relative effects of these drivers into consideration and be able to provide outputs related to achieving a system-level MSY, as well as exploring tradeoffs among the species and drivers inherent to an ecosystem.
While there are many classes of extant ecosystem models that could serve as MSE operating models, there is an important class of models between the simpler, stock-focused models that are typical in stock assessments (or that incorporate other factors such as Extended Single-species Assessment Models, ESAMs) and the full ecosystem models such as GADGET, APECOSM, InVitro, or ATLANTIS. Aggregate Surplus Production (ASP) models are part of this intermediate class of models (Hollowed et al. 2000 , Plagányi 2007 , Townsend et al. 2008 , Link et al. 2010b ). These models require the same basic inputs as standard stock assessment models or ESAMs, but are aggregated across species at a higher level of bio logical hierarchy. ASPs estimate biological reference points (BRPs) commonly used in LMR management (such as MSY), but for an aggregate group of species. ASP models can also simulate the effects of ecological interactions, harvest, and climate, making them a valuable tool generally for EBFM and specifically within an MSE context as an operating model (Link et al. 2010c) .
Such ASP models have a number of advantages. They fall into the simpler range of the complexity continuum of models. Models of low to intermediate complexity often have higher forecast skill than more complex models (Costanza & Sklar 1985 , Walters 1986 , Fulton et al. 2003 , Adkison 2009 , Hannah et al. 2010 . Additionally, surplus production models can outperform age-structured models in providing more robust characterizations of fish population dynamics (Ludwig & Walters 1985 , 1989 , Hilborn & Walters 1992 . For instance, Ludwig & Walters (1985) generated data from a model with 2 age classes (prerecruitment and catchable adults) with random recruitment (Deriso 1980) . When they fit parameters from both the original age-structured model and a simple surplus production model to the generated data, the surplus production model performed just as well or better than the original model. Additionally, ASPs rely on relatively common and easy to collect data (biomass or abundance estimates and fisheries landings) and thus are of use even in many data-limited ecosystems (Graham 1935 , Pitcher & Hart 1982 , Smith 1994 . ASP models can incorporate stochasticity, trophic interactions, and environmental and climate forcing relatively simply and easily (Clark et al. 2003 , Rose 2004 , Jacobson et al. 2005 , Keyl & Wolff 2008 . ASP models capitalize on the stability of aggregate groupings that, although dynamic, are nevertheless less variable than those commonly observed for their component species , Auster & Link 2009 ). Finally, ASPs produce outputs that are widely used in fisheries management and do not require additional familiarization for managers.
Although several assumptions need to be met for use of ASP models (e.g. comparable life histories and vital rates among species within an aggregate group), these models have the ability to provide synthetic information useful for implementing EBFM. The main strengths of this approach are its relative simplicity, minimal assumptions, requirement of readily available data, and relative portability of the approach for ease of use on different data sets. The drawbacks are those usually associated with production models (e.g. missing internal stage or age related dynamics, and ignoring different life history characteristics of individual species within an aggregation, which is explored more thoroughly in Gaichas et al. 2012 , this Theme Section).
Here we describe a particular ASP model, AGG-PROD, which is an aggregated application of MS-PROD (Gamble & Link 2009 ) used to model functional groups of species. The objectives in doing so are to explore the aggregate properties and outputs from modeling such groups, and contrast various scenarios that could be used in an MSE context among the triad of drivers that influence LMR dynamics. Our focus here is to explore how aggregate BRPs change under differing scenarios.
METHODS

Model description
We used an application of AGG-PROD to examine the effects of different harvest, climate, and ecological scenarios on aggregated groups of fish loosely parameterized to reflect the Northeast US Large Marine Ecosystem (NEUS LME). This model is a variation of an MS-PROD, a multi-species surplus production model described previously (Gamble & Link 2009) , where instead of individual species, aggregated, functional groups were considered. AGG-PROD is identical to MS-PROD, except that due to lack of a species focus, the within-group competition terms are removed. The model formulation is:
( 1) where B I is the biomass of an aggregated group of species or stocks (I), r I is the growth rate of group I, K I is the carrying capacity of group I, h I is the harvest rate (a proxy for fishing mortality, defined as the instantaneous removal rate) on group I, G is a group other than I with corresponding B and K, β IG is the competition interaction coefficient be tween groups I and G, K σ is the system carrying capacity, P is a group which preys on group I with a corresponding B, and α IP is the predation interaction coefficient between groups I and P.
This model framework is based on the general form of extended Schaefer-types of models (e.g. Prager 1994 , Collie & DeLong 1999 . Mueter & Megrey 2006 , Gamble & Link 2009 ) and has been employed for all fished species in over 10 northern hemisphere ecosystems (Bundy et al. 2012 , this Theme Section, Lucey et al. 2012 . This resultant form here is similar to other fisheries production models applied in the NEUS region (e.g. Spencer & Collie 1996 , Collie & DeLong 1999 and elsewhere (e.g. Constable 2001 , Mueter & Megrey 2006 . Unlike those other approaches, here we are aiming to simulate a system with specified parameters, not fit it to the typical data series, in an MSE context. The other distinction of our approach is that, like Lucey et al. (2012) , the main aspects that influence aggregate dynamics are partitioned into their explicit ecological and fishing factors. We also note that values of K are fixed and not linked to prey population abundances. Although the latter would be feasible, for this ap proach we simply address the relative impacts of harvesting, predation, and competition rather than the feedback among predator−prey linkages. We address climate effects via alterations to r (see 'Scenarios' below).
We note the following major assumptions of our modeling approach:
(1) Aggregated groups have a carrying capacity that is distinct from the systemic carrying capacity, but such a systemic carrying capacity does exist (e.g. Brown et al. 1976 , May et al. 1979 , Pauly & Christensen 1995 , Pauly et al. 1998 .
(2) Harvest and species interactions (competition and predation) in our model may similarly influence a group's ability to reach its carrying capacity (e.g. May 1975 , Pope 1975 , 1979 , Brown et al. 1976 , Fukuda 1976 .
(3) Considering only aggregated groups will not reveal whether aggregated fishing mortality levels might cause specific stocks within the group to be overfished, or indeed what the likely result of any set of fishing levels will be on individual stocks (Worm et al. 2009 ).
(4) There is no age structure in the model, and there fore the effects of stage-specific mortality, growth, and related demographic processes cannot be modeled.
Base model parameterization and simulations
The parameterization for the simulations using AGG-PROD was informed by the parameterization for MS-PROD, which was applied to a simulated fish community that was generally based on the NEUS LME (Gamble & Link 2009) . We parameterized the model for 3 groups: groundfishes, small pelagics, and
elasmobranchs. We chose these groupings primarily because they correspond to the fishery management plans in the region. While groundfishes could have been further split into gadids, flatfish, and an 'other' groundfish group, we considered the groups chosen to have enough similarity among life history parameters used in the model. Specifically, the species chosen for the groundfish group have growth rates higher than those in the elasmobranch group, and lower than those in the small pelagics group. Additionally, competition (for space and due to diet overlap) is likely greater for the members of the groundfish group than for members of the elasmobranch or small pelagics groups. The biomasses for each group were calculated by summing the individual biomasses for each stock within the group (NEFSC 2002 , Overholtz et al. 2008 . While each stock was not considered individually, the component stocks present in each group are shown in Table 1 . Growth rates (r) for each group were calculated based on a biomass-weighted average of the individual r values from the MS-PROD formulation. The individual r values were calculated by doubling estimates of fishing mortality at maximum sustainable yield (F MSY ) for groundfishes, pe lagics, and elasmobranchs (Applegate et al. 1998 , Quinn & Deriso 1999 , Hilborn & Walters 1992 , NEFSC 2002 , Overholtz et al. 2008 . System fish carrying capacity (K) was set to ~7 700 000 mt as the sum of the group K values for groundfishes (~2 800 000 mt), small pelagics (~2 600 000 mt), and elasmobranchs (~2 300 000 mt). These K values were estimated as twice B MSY for individual stocks within each group and then summed (by definition; Applegate et al. 1998 , Quinn & Deriso 1999 , Hilborn & Walters 1992 , NEFSC 2002 , Overholtz et al. 2008 . Competition coefficients between groups were informed by diet matrices and overlap in habitat. Predation was set only on the pelagics, as informed by stomach content data (Link & Almeida 2000) . Spatial overlap was set to 0.6 between all groups based largely upon information of seasonal movements for the pelagic and elasmobranch species derived from fishery independent surveys. These salient parameters used to initialize the base model are given in Table 2 .
Fisheries removals (i.e. harvest, h) were set as an annual rate of removal for each group. We set these in accordance to the scenarios we ran (see 'Scenarios' below).
We ran the simulations for 30 yr with an annual time step. The model was developed in Visual C++ and utilizes a calculation engine designed to account for multiple iterations of simultaneous equation (i.e. groups) solving, using a fourth-order Runge-Kutta numerical integration algorithm. (Note: we developed a software package which utilizes a graphical user interface to handle data inputs for model initialization, parameterization, and scenario development, and additionally to handle and process model outputs. This package is available from the authors upon request.) The current version of the model is a simulator that produces deterministic results, with no direct data fitting beyond the data used to inform the initial parameterization.
Scenarios
We ran 3 classes of scenarios to explore the effects of the triad of drivers on aggregate groups (Table 3) . Each class of scenarios was run with 2 different sets of parameters for the groundfish group. The first parameter set used the base parameters described previously. The second parameter set decreased the groundfishes growth rate by 10% (r = 0.405) to simulate a negative effect on growth due to climate change. Previous work has linked changes in the intrinsic rate of growth or carrying capacity to climate changes (Brander 1995 , O'Brien et al. 2000 , Attrill & Power 2002 , Clark et al. 2003 , Gislason et al. 2010 ). We applied this climate effect on growth rate only to groundfishes. This was due to small pelagics (e.g. Atlantic herring, Atlantic mackerel, and butterfish) having generally larger range distributions, and hence wider optimal thermal regimes, than groundfishes. Additionally, a recent study (Nye et al. 2009 ) indicated that many individual stocks of groundfishes in the NEUS LME showed a recent range contraction due to climate effects, while pelagic stocks and all but 1 elasmobranch showed range expansions or no change. Specifically, of the 19 species that make up the aggregate groundfish group, 8 showed a northward movement and 2 showed a southward movement (Nye et al. 2009 ). Additionally, 8 species showed a range contraction and 2 showed a range expansion. These range changes, especially contractions and poleward movements, are indicative of probable accommodation of differential growth rates relative to changing ambient water temperatures, as approximated here by the change in r. The toggling of the climate effect on groundfish growth rates are seen in Table 3 The first class of scenarios, the combination scenarios, independently toggled ecological interactions (competition between all groups, and predation on small pelagics), harvest, and climate effects. Ecological interactions were toggled off by removing interaction terms. Harvest scenarios were toggled on (h = 0.1) or off (h = 0). Climate effects were toggled on (r = 0.405 for groundfishes) or off (r = 0.45 for groundfishes) for each scenario in this class.
The second class of scenarios, the targeted harvest scenarios, examined targeted harvest rates on a specific group both with (r = 0.405 for groundfishes) and without (r = 0.45 for groundfishes) climate effects. One of the groups was subjected to a higher harvest rate (h = 0.3) while the other 2 were subjected to a base harvest rate (h = 0.1).
The third set of scenarios, the system harvest scenarios, examined the effects of increasing harvest rates on the entire system, again with climate effects toggled on (r = 0.405 for groundfishes) or off (r = 0.45 for groundfishes). All groups simultaneously had their harvest rates set to: 0, 0.01, 0.05, 0.1, 0.2, 0.3, and 0.5.
In all scenarios, it was possible to partition the losses to biomass to each group at each time step for each type of removal (predation, competition, and harvest). The MS-PROD software package, using the Runge-Kutta numerical integration algorithm calculates these removals at each step of the algorithm and they can then be summed to provide the final removal at each time step of the model. Losses or increases due to climate were calculated as the difference between a group's biomass in a scenario which did not include climate effects, and the corresponding non-climate version of a scenario.
RESULTS
In all scenarios, we expressed the results both in terms of biomass (mt) and as a proportion of group B MSY such that a value greater than 1.0 indicated the group was higher than its B MSY , and a value less than 1.0 indicated the group did not reach the group B MSY .
Combination scenarios
For the combination class of scenarios (where we toggled ecological interactions, harvest, and climate effects separately) the main results show some common patterns. In Scenario 1 (interactions off, h = 0, groundfish r = 0.45), all groups asymptotically approach their carrying capacities (Fig. 1a) . Because of this, each group's final biomass is almost equal to its carrying capacity, and therefore almost double the group's B MSY (Table 4) .
In Scenario 2 (interactions off, h = 0.1, groundfish r = 0.45), no groups reached their carrying capacities (Fig. 1b) . Elasmobranchs showed a final biomass less than half that in Scenario 1. The other 2 groups also showed a drop in final biomass, but not to the same extent. Only elasmobranchs fell below a B final /B MSY ratio of 1.0 in this scenario (Table 4) .
In Scenario 3 (interactions on, h = 0, groundfish r = 0.45), no groups reached their carrying capacity. Small pelagics showed a final biomass of less than half that in Scenario 1. Elasmobranchs had a higher biomass, and groundfishes had a lower biomass than in Scenario 2 (Fig. 1c) , indicating that harvest effects are stronger than interaction effects on elasmobranchs in the simulated ecosystem while interaction effects are likely stronger than harvest effects on groundfish. Additionally, in this scenario there was a switch in ecosystem dominance (in terms of final biomass) between elasmobranchs and groundfishes (compared to the groundfish-dominated Scenarios 1, 2, and 4) Only small pelagics fell below a B final /B MSY ratio of 1.0 in this scenario (Table 4) .
In Scenario 4 (interactions on, h = 0.1, groundfish r = 0.45), no groups reached their carrying capacity. Elasmobranchs showed a final biomass more than twothirds less than in Scenario 1, while the other 2 groups had a final biomass at or slightly more than in Scenario 3 due to release of groundfishes and pelagics by elasmobranchs (Fig. 1d) . Again, only elasmobranchs fell below a B final /B MSY ratio of 1.0 in this scenario (Table 4) .
Scenarios 5 to 8 are equivalent to Scenarios 1 to 4, but with climate effects turned on (groundfish r = 0.405). In Scenario 5 (interactions off, h = 0, groundfish r = 0.405), it took longer for the groundfish group to reach its carrying capacity compared to Scenario 1 (same but with groundfish r = 0.45) due to climate being modeled as a reduction in growth rate. In Scenario 6 (interactions off, h = 0.1, groundfish r = 0.405), the groundfish group had a 3.2% lower biomass and a correspondingly lower B final /B MSY ratio when compared to Scenario 2 (same but with groundfish r = 0.45), while the other 2 groups were largely unaffected. In Scenario 7 (interactions on, h = 0.0, groundfish r = 0.405), the B final /B MSY ratios for all groups were the same as in Scenario 3 (same but with groundfish r = 0.45). In Scenario 8 (interactions on, h = 0.1, groundfish r = 0.405), the groundfish group had a 4.5% lower biomass and a correspondingly lower B final /B MSY ratio when compared to Scenario 4 (same but with groundfish r = 0.45) (Table 4). Table 4 . Summary of combination scenarios of final biomass to biomass at maximum sustainable yield (B final /B MSY ) ratios. In the Harvest, Interactions, and Climate columns, a 'Y' indicates that the corresponding effect on the system is turned on, and a 'N' indicates that the corresponding effect on the system is turned off (see Table 3 for definitions). Bold values are <1, indicating that this group did not reach the group B MSY Generally, the elasmobranch and pelagic groups showed minimal changes in final biomass in the scenarios where climate effects were present (Scenarios 5−8) compared to the non-climate scenarios (Scenarios 1−4). Furthermore, adding the climate effects did not have an impact on final biomasses and therefore the B final /B MSY ratio of the groundfish group unless harvest was also occurring. Finally, in all of the combination scenarios except Scenario 8 (interactions on, h = 0.1, groundfish r = 0.405), the total system B final /B MSY ratio remained above 1.0, although only barely so in the case of Scenario 4 (interactions on, h = 0, groundfish r = 0.405). In the case of Scenario 8, the total system B final /B MSY ratio was 0.99 (Table 4) .
The comparative effects of species interactions, climate, and harvest differ among the 3 groups (Fig. 2) . When all 3 are present in Scenario 8 (interactions on, h = 0.1, groundfish r = 0.405), groundfishes are affected strongly by harvest, which, in the last year of the run, is responsible for 48% of the removals of biomass. Of the losses, 30% come from competition with the other guilds, and 22% come from the effects of climate (Fig. 2a) . Elasmobranchs are most strongly affected by harvest, which is responsible for 73% of losses to biomass in the final year of the run, while competition is responsible for 27% (Fig. 2b) . Pelagics are the most affected by species interactions of the 3 groups (Fig. 2c) , and in the final year of the run most of the losses (62%) come from predation, 36% of the losses come from harvest, and the remaining 2% come from competition.
Targeted harvest scenarios
In the targeted harvest class of scenarios, where interactions were turned on, the harvest rate was set to 0.1 for 2 groups while the third was set to 0.3, and climate effects were toggled off (groundfish r = 0.45), there were 4 main results.
(1) Not surprisingly, the final biomass for each group was lowest when it was assigned the higher harvest rate. This sometimes resulted in shifts in ecosystem structure when compared to the combination scenarios. For example, when combination Scenario 4 (interactions on, h = 0.1, groundfish r = 0.45) was compared to the targeted harvest Scenarios 1 to 3, shifts in pelagic versus demersal dominance of the modeled ecosystem were seen (Fig. 3a−d) . Also, in targeted harvest Scenario 1 (interactions on, groundfish h = 0.3, groundfish r = 0.45), final biomass for pelagic fishes was higher than for demersal fishes (Fig. 3b) compared to combination Scenario 4 (Fig. 3a) .
In targeted harvest Scenario 2 (interactions on, elasmobranch h = 0.3, groundfish r = 0.45) there was less of a difference in pelagic and demersal final biomass (Fig. 3c ) than in combination Scenario 4 (Fig. 3a) , and in targeted harvest Scenario 3 (interactions on, small pelagic h = 0.3, groundfish r = 0.45), the modeled ecosystem was dominated more by demersal biomass (Fig. 3d ) than in combination Scenario 4 (Fig. 3a) . These results are primarily due to the increased harvest on a specific group, combined with the trophodynamic interactions (predation and competition) between the groups.
(2) Groundfishes and small pelagics achieved a B final /B MSY ratio greater than 1.0 in all scenarios except when they were targeted at the higher harvest rate (Table 5) , while elasmobranchs were below a B final /B MSY ratio of 1.0 in all scenarios. These results are primarily due to the susceptibility of elasmobranchs to harvest relative to the other groups because of their lower growth rate compared to the other 2 groups. The higher harvest rate when applied to groundfishes and small pelagics was enough to lower their respective B final /B MSY ratios below 1.0: groundfishes to a ratio of 0.32 in Scenario 1 (no climate effects) and to 0.21 in Scenario 2 (with climate effects), and pelagics to a ratio of 0.41 in Scenarios 3 (without climate effects) and 6 (with climate effects).
(3) When the targeted harvest was on a group that was parameterized with strong interactions on another group, the second group had a higher final biomass and B final /B MSY ratio than otherwise, due to competitive or predatory release. Small pelagics had the highest final B final /B MSY ratio when elasmobranchs were targeted, due to predatory release. Groundfishes and elasmobranchs had their highest final B final /B MSY ratio in the scenario in which the other group was targeted, due to competitive release (Table 5) .
(4) The total system B final /B MSY ratio was higher than 1.0 only when elasmobranchs were preferentially targeted. This resulted because of the combination of predatory release on small pelagics and competitive release on groundfishes (Table 5 ). This also reflects compensatory dynamics from a systemic perspective.
When climate effects were present (groundfish r = 0.405), the main response was a generally reduced groundfish biomass and B final /B MSY ratio compared to the non-climate scenarios (Table 5 ). The largest relative change occurred in Scenario 4 (interactions present, groundfish h = 0.3, groundfish r = 0.405), with a 33% decrease in groundfish final biomass and corresponding B final /B MSY ratio compared to Scenario 1 (same but with no climate effects; groundfish r = 0.45). While harvest had the largest impact on biomass losses of groundfishes for the first half of the model run, climate eventually became the dominant cause of biomass losses. Species interactions stayed relatively consistent in their impacts on groundfish biomass loss over the model run (Fig. 4) . Additionally, pelagic and elasmobranch B final /B MSY ratios in creased in the scenarios where climate was present (Scenarios 4-6; groundfish r = 0.405) due to decreased predation and competition effects on the 2 groups, respectively (Table 5) .
System harvest scenarios
In the system harvest scenarios where the harvest level for all groups was set to 7 different values (Scenarios 1−7; 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.5), species interactions were turned on, and climate was toggled off (groundfish r = 0.45), each of the 3 groups showed different responses to increasing harvest (Table 6) . Elasmobranchs de creased in biomass at each increase in harvest level and fell below a B final /B MSY ratio of 1.0 in all scenarios where the system harvest rate was 0.1 or greater (Scenarios 4−7).
Groundfish biomass remained stable when the harvest rate was be tween 0 and 0.1 (Scenarios 1−4) and only fell below a B final /B MSY ratio of 1.0 at a harvest rate of 0.3 or higher (Scenarios 6 and 7). This 'delay' was likely due to competitive release as elasmobranch biomass did drop at the lower harvest rates (h = 0.01 to 0.1).
Small pelagic biomass actually in creased slightly through the first 4 levels of harvest rates (0−0.1), likely due to predatory release by elasmobranchs. Due to their higher growth rate, they ended with a higher final biomass and B final /B MSY ratio than groundfishes at the higher harvest levels (0.3, 0.5). Because of the indirect interaction effects combined with harvest rates, the small pelagics had a B final / B MSY ratio above 1.0 at the moderate harvest levels (0.05, 0.1, 0.2) but not at the lower or higher harvest rates (0, 0.01, 0.3, 0.5). Finally, the system B final /B MSY ratio fell below 1.0 at a harvest rate of 0.2 or higher (Scenarios 5−7), largely driven by the small pelagic biomasses.
When the effects of climate were added (groundfish r = 0.405) in Scenarios 8 to 14, 4 main results occurred (Tables 6 & 7) . Groundfishes fell below a B final /B MSY ratio of 1.0 at a harvest rate of 0.182, instead of a harvest rate of 0.212 as in the system harvest scenarios without climate effects (Table 6 only shows the scenarios described above; further runs were done to more precisely define the ratio's tipping point). Similarly, the system B final / B MSY ratio fell be low 1.0 at a harvest rate of 0.098, compared to a harvest rate of 0.104 in the system harvest scenarios without climate effects. The percentage of final biomass compared to the corresponding system harvest scenario without climate effects decreased for ground fish as harvest rates increased (from ~100% at harvest rates of 0 and 0.01 to 35.7% at a harvest rate of 0.5; Table 7 ). The other groups showed a minor increase in their final biomass and B final /B MSY ratio compared to the system harvest scenarios, likely due to competitive release of elasmobranchs and an overall lowering of predation on small pelagics.
Losses to groundfish biomass varied over the range of harvest rates explored when climate effects were present (Fig. 5) . At low levels of harvest (h = 0.01 Table 5 . Summary of targeted harvest scenarios of final biomass to biomass at maximum sustainable yield (B final /B MSY ) ratios. The targeted group had its harvest rate set to 0.3, while the other 2 groups had their harvest rates set to 0.1. Bold values are <1, indicating that this group did not reach the group B MSY and 0.05), losses to biomass for the groundfish group were mostly from in ter actions with elasmobranchs ( Fig. 5a,b) . At h = 0.1, harvest accounted for a bit less than half of the losses to biomass, with interactions and climate effects approximately equal (Fig. 5c ). At h = 0.2 and above, elasmobranchs were greatly reduced in biomass, leaving harvest and climate effects as the dominant losses to biomass for groundfishes ( Fig. 5d ). At h = 0.3 and 0.5 (Fig. 5e,f) , harvest effects were strongest in the first few years, before climate effects become dominant (about 50% of losses to biomass came from climate at h = 0.3 after about Year 17, and greater than 75% of the losses to biomass came from climate at h = 0.5 by Year 30).
DISCUSSION
As might be expected, the relative importance among the triad of drivers differed among the 3 functional groups, and under different harvest scenarios.
Generally, when harvest occurred, it had the strongest effect on each group, particularly on elasmobranchs due to their low growth rate. Groundfishes were also strongly affected, starting at moderate levels of harvest (h = 0.2 to 0.3), but less so than elasmobranchs -due to the higher growth rate for the groundfish functional group. Additionally, release of competitive effects when elasmobranchs were also fished at the same level tended to keep groundfish-and therefore system -biomass more stable at lower levels of harvest. Finally, small pelagics were least affected by harvest (h < 0.2), due to a combination of having the highest growth rate among the 3 groups, and because of the predatory release as groundfish and elasmobranch biomass declined. These results are similar to those seen in previous studies which showed compensatory dynamics in the NEUS LME (Fogarty & Murawski 1998 , Auster & Link 2009 .
Ecological interactions had the strongest overall effect on small pelagics (predation from both of the other 2 groups), and a moderate effect on groundfish (competition from the elasmobranchs). Elasmobranchs were less strongly affected by competition from ground fish. Climate effects, since they targeted ground fish specifically in our model, primarily re sulted in a decrease in groundfish biomass when applied, with a corresponding increase in elasmobranch and, in some scenarios, pelagic biomass, due to competitive and predatory release, respectively. The interplay among these factors, as simulated here, demonstrates that the prominence of any driver can shift given the dynamics and magnitude among the others.
When comparing the effects of the triad of drivers on each group, small pelagics were most strongly affected by ecological interactions, then harvest, and then climate. Elasmobranchs were most strongly affected by harvest, then ecological interactions, and finally climate. Groundfishes, however, appeared to be notably affected by all 3 drivers. Obviously as harvest increased in any class of scenarios, its effect became increasingly dominant, and as long as elasmobranchs remained at relatively high biomass, the corresponding ecological interactions also had a large impact on groundfish biomass losses. Climate tended to also have a stronger effect at higher harvest levels in our scenarios -indicating that climate effects may be more important in heavily exploited Table 7 . System harvest. Percentage of final biomass when climate effects were turned on compared to turned off ecosystems than in ones with lower levels of exploitation. These results, while simulation only, are confirmed by other empirical and modeling studies (e.g. Mackinson et al. 2008 , Blanchard et al. 2010 , Link et al. 2010a ,b, Tyrrell et al. 2011 ).
There are some important implications that come from these results. Depending on the life history of the groups, each of the triad of drivers can have very different impacts on each of the groups. Since harvest was the only driver of the 3 that was toggled at different ranges, the relative effects of the triad of drivers in our scenarios is dependent on the level of harvest for each group. It is also important to be careful in choosing the component species of each aggregate group, as a group with widely varying growth rates or other characteristics can create issues of interpretation in the results. While we maintain that it is likely the group as a whole would react with relative stability, the individual species within that group might not do so (see Auster & Link 2009 ). Other implications from our One of the strengths of our approach is that models like AGG-PROD can elucidate the effects of the triad of drivers on biological reference points (BRPs). While one might qualitatively be able to predict the effects of some of the drivers in isolation on individual groups with no interactions between them, we think that once multiple drivers (climate, interactions, and fishing) are occurring at the same time, a model such as AGG-PROD is very valuable, and needed, in separating their effects on fish populations. Even though we explored only a comparison of final biomass to B MSY , there are some general conclusions we can draw. The most important might be that in the presence of strong impacts from climate or ecological interactions, the effects of setting F to any reference level are difficult to predict. Decreasing the predators through increased harvest can cause forage fish to increase in some cases, but in other cases interactions between predator groups, and differential effects of harvest on them, could result in more complex effects which might be counterintuitive. Climate and environmental effects also have varying impacts on the system, which should be taken into account. Therefore, we propose that if trophodynamic and climate effects are not explicitly included in models which determine BRPs, a more conservative approach should be taken in estimating these BRPs. An important consideration in this approach is that the precision possible in this model for defining BRPs (and the harvest rates corresponding to those BRPs) is likely much greater than could realistically be differentiated in an actual management setting. This will need to be further explored when using these models in a management context beyond a management strategy type of approach.
ASPs like AGG-PROD can be very flexible and valuable tools. For instance, one use is as an operating model in an MSE context. While certain classes of management actions are more difficult to simulate (e.g. spatial management) using ASPs, these models can be easily extended to include ecological interactions and climate effects. In some cases, as we did with groundfish growth rates, a simple modification to a parameter (e.g. r or K) can approximate certain climate effects such as range contraction or population size (Attrill & Power 2002 , Nye et al. 2009 ). Additionally, empirical and modeling studies have shown linkages between growth rates and climate change (Brander 1995 , O'Brien et al. 2000 , Clark et al. 2003 , supporting this approach. Work to further develop this modeling approach will include fitting model parameters to data, sensitivity analyses, and introducing stochasticity representing environmentally driven pressures on the fish populations. Additionally, exploring differential application of harvest rates across the different groups is a logical next step, especially in conjunction with exploring scenarios in a management context of tradeoffs between yield and ecosystem objectives. Ultimately, this model can be used to explore impacts on ecosystem function and yield under multiple strategies (e.g. proportional harvest rates based on productivity of the different stocks versus selective fishing) (Garcia 2011 , Rochet et al. 2011 .
Aggregating groups as part of a surplus production model has certain benefits. Many important fisheries are multi-species fisheries, such as those which target groundfishes in the NEUS LME, the North Sea, Southeast Australia, and similar temperate shelf systems (ICES 1993 , Smith 1994 , CEFAS 2001 , all of which have management plans that reflect this multispecies targeting. An ASP can easily explore the effects from the triad of drivers on a level that multi-species fisheries operate. Aggregate groups also tend to be more stable than the indi vidual components (Fogarty & Murawski 1998 , Auster & Link 2009 , so this method can be used initially to determine robust harvest levels to achieve system and aggregate group level BRPs. More complex models which explicitly include multiple species can then be used to examine the implications of those harvest strategies on the individual components of an aggregated group (as was done by Gaichas et al. 2012 ). This 2-stage approach is also recommended due to the observation that aggregated models may have very different characteristics regarding community stability, resilience, and other behaviors of the components modeled, than one in which the components are disaggregated (Pinnegar et al. 2005 ).
An ASP model could also be used to provide a precautionary cap on biological reference points determined by a suite of single-species models. Since it has been shown through multi-species and ecosystem modeling exercises (Au 1973 , Pope 1979 , Collie & Gislason 2001 , Walters et al. 2005 , Mueter & Megrey 2006 , NEFSC 2008 and other analyses (May 1975 , Pope 1975 , Brown et al. 1976 , Fukuda 1976 , May et al. 1979 , Gislason et al. 2010 , Tyrrell et al. 2011 ) that the sum of single-species MSYs can be quite different than the MSY of the corresponding multispecies group, we suggest that BRPs resulting from an ASP model could be utilized as the maximum total amount that should be removed from the group. A further consideration is that by not directly modeling species interactions in our model, we would expect differences in the estimated BRPs in our approach compared to a model in which those interactions were present explicitly. As an example, not all species in the groundfish group would be affected equally by climate -in fact there might be species which would show increased growth rates. Thus, while we recommend ASPs as useful operating models, they should be applied with an understanding of their limitations as well as their strengths. Particularly we recommend that they be part of a toolbox of models rather than the sole operating model in an MSE.
With EBFM emerging (NMFS 1999 , Link 2002a ,b, Pikitch et al. 2004 , Link 2010 , there is a need for tools and methods that can evaluate the triad of drivers in an MSE context (Link et al. 2010b,c) , particularly in the context of multi-species fisheries. We think that the utility of ASPs with trophic interactions and climate effects modeled explicitly can be an important element of EBFM by providing aggregate level reference points and as operating models in an MSE context to explore the possible effects of changes in climate and the trophic structure of a fish community. We recommend that they be used with other models, particularly multi-species models which also include the triad of drivers explicitly, to fully explore the dynamics of not only the aggregate groups of interest to a fishery or management, but also the entire system and the individual component species within that system. 
